evidence for sHsp dissociation being essential for activity or for dimers being important for substrate capture.
To address the mechanism of substrate protection by sHsps, we engineered disulfide bridges that prevent dissociation at either of the two major oligomeric interfaces, dimeric and non-dimeric, in the Ta16.9 and Ps18.1 dodecamers, and tested their activity in protecting a heat-sensitive protein, malate dehydrogenase (MDH). The mutants led us to re-examine the quaternary structures of Ta16.9 and Ps18.1 and support the conclusions that sHsps need to dissociate at specific interfaces to protect substrate, and that free, folded dimers are the active substrate-capturing units.
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RESULTS
Protein design, expression, and purification
To test the functional importance of sHsp oligomer dynamics, we made cysteine mutant pairs in Ta16.9 and Ps18.1 to prevent dissociation at the non-dimeric or dimeric interfaces. To link the non-dimeric interfaces, cysteine residues were introduced to create a disulfide bridge between the CT of one monomer and !4 of the ACD from a monomer in another dimer ( Fig. 1A ). Of cysteine pairs tested, the mutants E74C V144C Ta16.9 (Ta CT-ACD ) and E81C V151C Ps18.1 (Ps CT-ACD ) were soluble and purified as dodecamers (Table S1 , Fig. S1 ). To prevent dissociation at the dimeric interface, cysteines were introduced in a non-hydrogen-bonded registered pair between !6 on one monomer and !2 of the partner subunit such that the resulting disulfidebonded dodecamer would dissociate into six covalent dimers when oxidized (Fig. 1A) . The mutant K49C W96C Ta16.9 (Ta dimer ) was soluble and purified as a dodecamer; we were unable to create an analogous, dodecameric Ps dimer, and studies on this interface are confined to the Ta dimer protein. This interface, which involves strand swapping between ACDs, is characteristic of plant, bacterial, and yeast sHsps (3, 5, (17) (18) (19) .
The formation of disulfide bonds and absence of free cysteines in all the disulfide mutants after oxidation were confirmed by DTNB assays (Table S2 ). To ascertain if the desired disulfide bonds were formed, the wheat proteins were examined by SDS-PAGE in the presence or absence of a reducing agent (Fig. 1B) . The reduced proteins migrated at the expected monomeric size, while without reducing agent Ta CT-ACD and Ta dimer migrated at sizes close to that of a covalent trimer (51 kDa) and covalent dimer (34 kDa), respectively. The apparent size of Ta CT-ACD was surprising, as it was expected to form covalent tetramers (~68 kDa) based on the hexagonal double-ring arrangement in the Ta16.9 crystal structure (PDB:1GME) (17) . To verify this observation, we obtained an accurate mass of the non-covalent and covalent units in Ta CT-ACD , by using native mass spectrometry (MS) with collisional activation. This confirmed the unexpected result that disulfide linkage at the CT:ACD interface produced covalent trimers rather than tetramers (Fig. 1C ). The only arrangement featuring dimers connected exclusively in groups of three is a tetrahedron (Fig. 1D) (4) . Thus, these data can be explained only if the sHsp quaternary arrangement is tetrahedral, in contrast to the double-ring of the Ta16.9 crystal structure (17).
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A new geometry for the sHsp dodecamer
To ensure that Ta CT-ACD had retained the same quaternary structure as the wild-type Ta16.9, we performed native ion mobility mass spectrometry (IM-MS) experiments. Both proteins were dodecameric, and Ta CT-ACD had a very similar collision cross-section (CCS) to the WT, whether oxidized or reduced ( Fig. S2 ), indicating that they are architecturally equivalent. We therefore capitalized on the CCS values to build models for Ta16.9 dodecamers consistent with overall tetrahedral architecture and linkages between ACDs and CTs. An exhaustive search of the rototranslational space, assuming all ACD dimers to be in equivalent environments, and filtering of the models according to the CCS and linkage constraints, resulted in four models that represent the data well ( Fig. 1E ). All four models have proteins in the tetrahedral architecture with minor differences owing to uncertainty in the CCS measurements.
We did not include the NTs in the modeling due to lack of experimental restraints on this domain, but evidence from the Ta16.9 crystal structure and other sHsps indicates that they reside on the interior of the ACD cage (4) . We therefore measured the volume inside the tetrahedral cavity of our models (130395 ± 3060 Å 3 ), and calculated the density that would be required in order for 12 NT domains to fit inside. We obtained a density of 0.42 Da/Å 3 , well below the average density of proteins (0.81 Da/Å 3 (47) ), revealing that the cavity is readily able to accommodate 12 NT sequences. This tetrahedral architecture is equivalent to that observed for the sHSP Acr1 from Mycobacterium tuberculosis (48) . Native MS of Ps18.1 CT-ACD (49) , and overlapping small angle x-ray scattering (SAXS) profiles for Ta16.9 and Ps18.1 provide evidence that Ps18.1 also has tetrahedral geometry ( Fig. S3 ). Therefore, we conclude that both Ta16.9 and Ps18.1 are primarily tetrahedral dodecamers in solution, and that the cysteine mutations and disulfide bonds do not disrupt this oligomeric architecture.
Disulfide-bonded sHsps have stabilized secondary structure
We considered that in addition to restricting the mode of dodecamer dissociation, introducing cysteine residues and disulfide bonds could affect the stability of sHsp secondary and quaternary structure, which might alter chaperone activity. Therefore, we first assessed secondary structure of the sHsps at different temperatures by obtaining far-UV circular dichroism (CD) spectra ( Fig.   2A ). Although CD spectra for all the sHsps in the oxidized state and the reduced Ta dimer were recorded, it was not possible to obtain fully reduced Ta CT-ACD or Ps CT-ACD at concentrations of (" " reducing agent compatible with CD (Table S2 ). Therefore, we created the single cysteine mutants Ta V144C (V144C Ta16.9) and Ps V151C (V151C Ps18.1), to approximate reduced Ta CT-ACD and Ps CT-ACD , respectively. The CD spectra for native sHsps are similar to that characteristic of !-sheets, indicating that the CD signal predominantly arises from the ACD !-sandwich ( Fig.   2A )." " At 25 °C spectra from all proteins are basically superimposable, but differences are observed already at 45 o C ( Fig. 2A ). Based on the temperature at which the different proteins (at 10 µM) show loss of secondary structure, the relative stability is: oxidized Ps CT-ACD > oxidized Ta CT-ACD > oxidized Ta dimer > Ps18.1 ! Ps V151C > Ta V144C ! reduced Ta dimer ! Ta16.9. Clearly, stabilizing the two CT-ACD interfaces or the dimeric interface of each monomer in the oligomer with disulfide bonds, stabilizes sHsp secondary structure.
Oligomeric state changes with temperature
In order to relate sHsp activity to oligomeric state, we assessed oligomeric transitions in the wild type and mutant proteins at different temperatures. If unfolding is accompanied by changes in sHsp oligomeric state, the unfolding transition temperature will depend on protein concentration.
We therefore carried out thermal melts monitored by CD, at 10 and 1 µM sHsp ( Fig. 2A) . For Ta16.9, Ta V144C , and reduced Ta dimer, cooperative unfolding occurs in the range of 30 to 50 o C, with the transition shifting to a lower temperature at the lower protein concentration. Ps18.1 and Ps V151C behaved similarly, although cooperative unfolding occurred at a higher temperature (40 to 55 °C) ( Fig. 2A) . These data indicate that the oligomeric state of the unfolded and folded species of these proteins are different, and proceed without an intermediate well-folded monomeric state. In contrast, for the oxidized, disulfide-bonded species, Ta dimer and Ta CT-ACD , (Ps CT-ACD is highly stabilized, and an unfolded baseline could not be obtained) the temperature range of the unfolding transition, ~60 and 75 o C, respectively, was the same at both protein concentrations ( Fig. 2A ), indicating that their unfolding transition is for the covalent dimer/trimer.
To better understand the oligomeric states involved in substrate protection we examined the temperature dependence of sHsp size by dynamic light scattering (DLS) ( Fig. 2B , Table S3 ).
When heated to 45 °C, all proteins decreased in total scattering intensity (TSI), consistent with dodecamer dissociation, except oxidized Ta dimer and reduced Ps CT-ACD , which showed little change from 25 °C ( Fig. 2B and Table S3 ). To relate the TSI to particle sizes, we deconvoluted )" " the DLS correlation curves and broadly classified the particles into dodecameric (7-20 nm diameter), sub-oligomeric (<7 nm diameter) and aggregates (>30 nm diameter) ( Fig. S4 ). At 25 °C, the major species were dodecameric, while at 45 °C, except for reduced Ta dimer , the major species for all proteins is smaller. Temperature-dependent formation of both smaller particles and large self-aggregates is consistent with previous studies of sHsps (32, 38, 44, 45) . We suggest that the presence of multiple particle sizes explains the unchanged TSI in oxidized Ta dimer and reduced Ps CT-ACD , and conclude that all these sHsps undergo dissociation at 45 °C.
DLS measurements were also made after cooling the proteins back to 25 o C from 65 o C. Ta16.9, Ps18.1, oxidized Ta CT-ACD , Ps CT-ACD and Ta dimer reverted primarily to the dodecameric form, while reduced Ta CT-ACD , Ta dimer and Ps CT-ACD were unable to reform dodecamers, but rather formed even larger aggregates. It should be noted that Ta CT-ACD , Ps CT-ACD and Ta dimer in their oxidized states, as shown by CD, have native-like secondary structure and are largely folded at 65 o C. The inability of the reduced mutants to revert to dodecamers on cooling was also seen in CD data ( Fig. S5 ), suggesting that the interfaces are critical to refolding.
Constraining oligomer dissociation alters sHsp chaperone activity
Ta16.9 and Ps18.1 have been well-characterized for their ability to protect the heat-sensitive substrate MDH (17, 41, 50, 51) . Therefore, to determine how restricting the ability to dissociate at either the non-dimeric (Ta CT-ACD and Ps CT-ACD ) or dimeric interfaces (Ta dimer ) affected sHsp chaperone activity, we assayed the reduced and oxidized sHsps for protection of MDH heated to 45 °C. We first tested to see if the high levels of DTT required to fully reduce the disulfide mutants (so that they would be free to dissociate like wild type) did not interfere with the chaperone activity of the wild type proteins. Both Ta16.9 and Ps18.1 (neither of which have cysteine residues) protected MDH (which has seven cysteine residues) in the presence and absence of reducing agent, as determined by changes in light scattering following heating ( Fig.   3 ). As expected, Ps18.1 was more effective in preventing light scattering than Ta16.9, with complete protection of 3 µM MDH at a monomeric molar ratio of sHsp:MDH of 1:1, compared to 6:1 for Ta16.9 ( Fig. 3 )(41, 51). Thus, the wild-type proteins functioned to protect MDH under both reducing and oxidizing conditions.
Comparing the chaperone activity of the reduced and oxidized Ta CT-ACD and Ps CT-ACD revealed that under reducing conditions, both proteins were essentially as effective as their corresponding *" " wild type in preventing MDH light scattering ( Fig. 3 ). However, strikingly, under oxidizing conditions, which limits these dodecamers to dissociating into trimers, these sHsps afforded no protection to MDH ( Fig. 3 ). Even at a molar ratio of three times that which afforded full protection by Ps18.1, oxidized Ps CT-ACD had no ability to limit MDH light scattering (Fig. 3) .
These data indicate that for the sHsp to protect MDH, it is necessary for the CT:ACD, nondimeric interfaces to dissociate.
Assays with Ta dimer , which can dissociate into dimers under both the reduced and oxidized conditions, yielded dramatically different results. Reduced Ta dimer was somewhat less efficient than Ta16.9 at suppressing MDH aggregation, although still highly effective (Fig. 3) . In contrast, oxidized Ta dimer protected MDH much more efficiently than Ta16.9, with complete protection at a ratio of Ta dimer :MDH of 1:1 (Fig. 3) . Notably, the CD measurements showed that oxidized Ta CT-ACD , Ps CT-ACD , and Ta dimer all have highly stable secondary structure, but only oxidized Ta dimer is an effective chaperone. Thus, stable ACD secondary structure alone does not account for the enhanced chaperone activity of oxidized Ta dimer , but rather stabilizing the dimeric interface, while still allowing dissociation of dimers from the oligomer, results in a highly effective chaperone.
To examine in more detail how these sHsps interacted with MDH compared to the wild-type proteins, these same samples were analyzed for the presence of MDH-sHsp complexes by size exclusion chromatography (SEC) (Fig. 4 ). As expected, at the sHsp:MDH molar ratios where protection was observed by light scattering, wild-type Ta16.9 and Ps18.1 formed complexes with MDH under reducing or oxidizing conditions, with complexes eluting similarly, ahead of the 670 kDa marker. In contrast, MDH complexes with Ta CT-ACD and Ps CT-ACD were only observed under reducing conditions, when the sHsps are free to dissociate into dimers like wild type; no complexes were formed under oxidizing conditions (Fig. 4 ).
Formation of complexes between Ta dimer and MDH also paralleled results of the light scattering assays. The lower efficiency of reduced Ta dimer is reflected in formation of more variable sized Ta dimer :MDH complexes compared to Ta16.9:MDH complexes ( Fig. 4) . Conversely, the MDH-sHsp complexes that formed with oxidized Ta dimer include more smaller complexes than those formed with WT Ta16.9, consistent with Ta dimer being a more efficient chaperone (30).
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DISCUSSION
Outstanding questions about the mechanism of sHsp action are the mode of substrate capture and the functional importance of sHsp oligomer dynamics. To address these, we engineered the structurally defined, dodecameric sHsps, Ta16.9 and Ps18.1, in order to restrict dissociation at each of two major oligomeric interfaces, dimeric and CT:ACD. A surprise on analysis of the proteins linked at the CT:ACD interface, Ta CT-ACD and Ps CT-ACD , was that when oxidized the substructure of these sHsps proved to be covalent trimers, as opposed to covalent tetramers, as predicted from the available crystal structure (1GME) (17) . This leads us to propose a tetrahedral structure for these dodecameric sHsps. Importantly, our analysis of the chaperone activity of Ta16.9 and Ps18.1 with fixed interfaces provides strong evidence that dissociation of the dodecamer at the CT:ACD interfaces is essential for optimal chaperone activity, and that stabilized dimers are more effective chaperones and likely to mediate the first encounter with denaturing substrate.
A new geometry for the sHsp dodecamer
Our mutant studies, MS and modeling data support a new geometry for Ta16.9 and Ps18.1 dodecamers that is highly populated in solution. This dodecamer form has dimers arranged in a tetrahedral structure rather than in the double disk of the Ta16.9 crystal structure, and this tetrahedron is maintained in the disulfide mutants. The tetrahedral arrangement requires no changes in the sHsp monomer or dimer compared to the crystal structure, other than altering the angle of the CT relative to the ACD at a flexible hinge. In the double disk structure, the CT must adopt two different angles to form CT:ACD interfaces. In contrast, for tetrahedral geometry the CT in each monomer can have the same angle with respect to the ACD. Attempts to reduce and reoxidize Ta CT-ACD under different conditions, including those used for crystallography, also only yielded covalent trimers. Thus, we suggest that the double disk geometry is a minor form in solution that is trapped by crystallization. The ability of sHsps to adopt different geometries accommodated by varying the angle of the CT while maintaining the CT-ACD interface intact is amply illustrated by different known sHsp oligomeric structures (2, 5, 52, 53) . The ability to reassemble into different geometries, potentially using this same CT-ACD interface, may also contribute to the variable stoichiometries and morphologies of sHSP-substrate complexes (44, 54) .
sHsp temperature transitions and chaperone activity
Our thermal unfolding data indicate that stability of sHsp secondary structure is greatly enhanced when either of the dodecameric interfaces is linked by disulfides. Each Ta CT-ACD and Ps CT-ACD monomer has two interfaces with other monomers that are stabilized by disulfides, as opposed to Ta dimer , which has only one stabilized interface with its partner in the dimer. As a result, Ta CT-ACD and Ps CT-ACD are stabilized to a greater extent than Ta dimer . Unfolding profiles for different concentrations of the same protein will overlay when loss of secondary structure is independent of oligomeric state, while a shift to a higher melting temperature at higher concentrations indicates the protein is stabilized by association in a higher order structure. A cooperative transition in secondary structure is independent of concentration for the disulfide linked sHsps (Ta CT-ACD and Ta dimer ), implying that Ta CT-ACD and Ta dimer dissociate to well-folded covalent trimer and dimer respectively before unfolding. In contrast, unfolding of non-disulfide-linked sHsps occurs with deoligomerization. In summary, DLS studies show that the sHsp molecules undergo dissociation at both dimeric and CT-ACD interfaces upon heating. CD melt studies show that suboligomers (trimers and dimers) are folded at activity assay temperatures. Since stabilization of the dimeric interface enhances activity, and dissociation of CT-ACD interfaces is essential for activity, we infer that the folded dimers from sHsps are primary substrate capturing units.
The two sHsps, Ta16.9 vs Ps18.1, differ in stability
Ta16.9 and Ps18.1 share 69% sequence identity (Fig. S1 ), but differ significantly in their ability to protect MDH, with Ps18.1 being more efficient (Fig. 3 ) (41). Previous molecular dynamics studies of Ps18.1 and Ta16.9 dimers suggest that Ps18.1 has larger exposed hydrophobic patches and that the Ps18.1 NT makes fewer contacts to itself compared to Ta16.9 (55) . The surface area buried in the ACD dimers of Ta16.9 and Ps18.1 were calculated to be 2945 and 3059 Å 2 ,"using PDB files, 1GME (17) and 5DS2 (49), respectively. The somewhat larger buried surface area of the Ps18.1 dimer indicates a stronger dimeric interface, which would make it more stable than the Ta16.9 dimer. This is substantiated by the thermal melt data, from which the apparent Ta16.9
and Ps18.1 melting temperatures are estimated (from the first derivative plots at 10 "M) to be 48.3 and 50.6 o C, respectively ( Fig. 2A) . The greater stability of Ps18.1 is also seen in DLS studies; Ps18.1 has a lesser tendency to form larger self-aggregates than Ta16.9, although both !#" " display dissociation to smaller species, including dimers. This difference in stability is likely a significant factor in the more efficient substrate protection by Ps18.1 compared to Ta16.9, and should be considered when assessing chaperone activity of other sHsps.
sHsp dimers as the substrate capture unit
Our data support a model for sHsp activity as depicted in Fig. 5 , in which the sHSP dimer makes the effective first encounter with denaturing substrate before assembly into higher mass sHspsubstrate complexes. By crosslinking the dimer interface in Ta dimer , we shifted the equilibrium of these dynamic dodecamers to the dimer form, while preventing dissociation at the CT:ACD interface essentially eliminated the dimer and monomer species (Fig. 5A) . At the assay temperature of 45 o C, all sHsps studied displayed dissociation to sub-oligomers; however, only suboligomers not linked at CT:ACD interfaces protected substrate. It is possible that linking the CT:ACD interface blocks substrate binding in the !4-!8 groove. However, our data, along with previous studies of Ta16.9 and Ps18.1 show that the NT is a major region involved in substrate (including MDH) binding (39, 41, 51). Studies of mammalian, yeast, archaeal and bacterial sHsps also have concluded that the NT is essential for substrate binding (56) (57) (58) (59) . Our data imply that the combined conformation of NT sites in the dimer are more effective in binding substrates than NT site conformations available in three linked monomers. Further, all the active sHsps retained complete (e.g. oxidized Ta dimer ) or partial native-like secondary structure (e.g. Ta16.9, Ta V144C , reduced Ta dimer , Ps V151C ) at 45 °C. Since the CD characteristics are primarily contributed by the ACD, and Ta dimer is the most efficient chaperone (Fig. 5A ), we infer that folded dimers are the primary substrate-capturing units. The recognition of substrates by oligomer dissociation products is an elegant mechanism of action, since each dodecamer comprises six dimers which diffuse much more rapidly. This allows for an efficient chaperone response, with subsequent assembly into larger complexes conferring stability over a longer life-time. The subunit dynamics and evidence that the NT of many sHsps is involved in substrate binding are consistent with our model being generally applicable to other sHsps interacting with diverse substrates.
Conclusions
Our data clearly support the importance of a specific mode of oligomer dissociation and the critical role of dimers in the mechanism of sHsp action. In addition to leading to a reassessment of the quaternary structure of these plant sHsps, analysis of the disulfide mutants shows that #!" "
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